Abstract-When conductor or semiconductor materials are exposed to microwave radiation in different atmospheres (Ar, He, N 2 , and O 2 +N 2 ) intense discharge phenomena are observed. The discharge phenomena, generated when strips of the metals Fe, Al, and Zn or particles of the semiconductor SiC are irradiated with microwaves, are characterized experimentally using spectrum acquisition and analysis. Filamentary discharge is observed in an Ar atmosphere while spark discharge is observed in He, N 2 , and O 2 +N 2 atmospheres. The spectral lines of the discharges are concentrated mainly in the visible region, but there are also peaks in the ultraviolet region. The nature of the discharge and the specific details of the spectra are influenced by: 1) the target metal or semiconductor used; 2) the atmosphere; and 3) the microwave field characteristics. The spectra always consist of two parts: one corresponding to the target metal or semiconductor irradiated by the microwaves and the other due to the formation of the high-energy excitation states of atoms, molecules, and ions induced in the gaseous atmosphere. The microwave-induced discharge and the corresponding luminous and plasma effects have potential uses as energy sources in many applications including chemical or photocatalytic enhancement of reactions and the destruction of volatile organic compounds for which preliminary results are encouraging.
I. INTRODUCTION

M
ICROWAVE heating is rapidly emerging as an effective and efficient tool for application in various fields because of the advantages it offers in terms of integrity, rapidity, selectivity, and as a source of non-intrusive heating [1] . In recent years, microwave heating has been used in a wide variety of applications including pyrolysis of biomass [2] , waste tyres [3] , [4] , plastics [5] and sewage sludges [6] , chemical synthesis [7] , melting and sintering of metals [8] , [9] , drying processes [10] , waste processing [11] , biodiesel production [12] , treatment of waste electrical and electronic equipment [13] , and purification of gas pollutants [14] . In microwave heating processes, when conductors or semiconductors are subjected to microwave irradiation, intense microwave-induced discharge phenomena may occur. These phenomena may trigger hotspot, plasma, and catalytic effects, creating energy that could be exploited in improvements in microwave-assisted processes and in potentially new applications for this technology. Undri et al. [15] found that the addition of steel wire to the pyrolysis of rubber significantly improved the efficiency of the pyrolysis, accelerating it even at low microwave power and they attributed this to the microwave discharge phenomenon caused by the steel wire. Sun et al. [16] observed electric sparks and strong luminescence during the microwave pyrolysis of electronic waste containing a considerable amount of metal wires and components, and reported that the microwave discharge was accompanied by a huge thermal effect, allowing the electronic waste to be heated to 600°C without any addition of microwave-absorbing materials. Microwave discharge phenomena have also been used in improving the reforming of pyrolysis gas, and increasing its hydrogen content [17] . Hussain et al. [18] described a new high-temperature pyrolysis technology for waste polystyrene based on the microwave-metal interaction and found that the metal plays the role of an antenna resulting in instant heating to 1100°C-1200°C. Demirskyi et al. [19] reported that microwave discharge could be utilized to achieve better heating efficiency and shorter processing times during the sintering of metallic particulates, presumably due to microplasma generation during microwave heating allowing plasma ignition between particles to take place to enhance necking and heating processes. Wang et al. [20] tested the thermal effect of the microwave-metal discharges and found that the discharge can account for over 50% of the total input electricity energy and over 70% of the total microwave input power. In their research, the authors found that tar cracking and degradation of volatile organic compounds (VOCs) can be achieved using microwave-metal discharges. They also found that semiconductor materials such as silicon carbide and carbon can trigger microwave discharge phenomena for similar applications.
Despite the fact that work has been carried out on the effects of microwave discharges, the discharge process and its 0093-3813 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. mechanism have still not been sufficiently studied mainly because of: 1) the discharge process is very rapid, sometimes instantaneous and instable, and thus it is difficult to measure and characterize accurately and 2) since the discharge is macro, observed as intense light emission, the discharge may have different forms, such as corona discharge, arc discharge, filamentary discharge, glow discharge, and even dark discharge. The characteristic frequency and wavelength of the spectral lines in microwave discharge can, however, be analyzed qualitatively according to Plancks laws; through analysis of the discharge spectra, it is possible to study the physical evolution of the discharge processes and the substances involved, and to interpret the inherent mechanism of microwave-induced discharges. We now report for the first time on a spectral analysis designed to reveal the inherent mechanisms of microwaveinduced discharges and to assess the potential of using this technology in novel applications in environmental control and other processes.
II. EXPERIMENTAL SETUP AND PROCEDURE
The spectra are obtained in a measurement system (Fig. 1) based on a charge-coupled device fiber optic spectrometer that allows the real-time spectral acquisitions of light caused by the discharge phenomena when different metals and semiconductors (iron, zinc, aluminum, and silicon carbide) are exposed to microwave irradiation in different atmospheres.
The heating unit in the measurement system is a modified multimode microwave oven (Galanz P70D20TP-C6) with a microwave frequency of 2.45 GHz, a rated input power of 1300 W, and a rated output power of 800 W. The discharge reaction occurred in a cylindrical quartz vessel (internal diameter 50 mm; height 100 mm) that is transparent to microwaves and can be resistant to temperatures as high as 1400°C. The metal samples were processed into narrow uniform strips (length 6-6.5 cm, width 3 mm, thickness 0.2-0.3 mm) with rough edges. Silicon carbide was used in the form of particles with a diameter of 10 mm. shown previously [20] to be the ideal particle size for this purpose. Metal and silicon carbide particles were irregularly packed in the reaction vessel. The vessel was sealed and connected to the gas cylinders through a silicon tube to permit changes in the gaseous atmospheres used. The gas flow rate was precisely controlled by a flowmeter. A high-resolution digital camera was utilized to capture the discharge phenomenon through an observation hole located at the top of the reaction vessel. The light spectrum emitted by microwave discharge was obtained using an FX2000-EX type fiber optic spectrometer which is suitable for the 200-1100 nm band with a 25μm slit width and 0.97-nm resolution ratio.
The optical fiber spectrometer was calibrated before use in discharge experiments. The calibration was performed using a constant low-pressure mercury lamp and the spectrum obtained ( Fig. 2 ) is in good agreement with the theoretical values for a mercury lamp. During the tests, iron, aluminum, zinc, or silicon carbide particles were placed in the quartz reactor, which was then positioned in the center of the cavity of the microwave oven. The microwave output power was set at 800 W. The spectra from discharge phenomena were observed as soon as microwave heating commenced. The integral time of the spectrometer was set to 1 ms, to allow 1000 spectra per minute to be collected and permit full characterization of the spectra and interpretation of the microwave discharge phenomena.
III. RESULTS AND DISCUSSION
A. Description of the Discharge Phenomena
The results of the experiments showed that, regardless of the atmosphere or the material tested, after starting up the microwave radiation, an intense visible discharge phenomenon is observed within a few seconds. The discharges occur in the filamentary and spark modes in which the light point was not fixed. As one signal falls, the other rises, and the phenomenon is always accompanied by a shrill noise spark. The discharge phenomenon can be sustained for more than 10 min.
A typical discharge detected by the digital camera is shown in Fig. 3 . It can be seen that the discharge occurred in the shape of a filament in an argon atmosphere (shown in the upper images of Fig. 3 ) and as a spark in other atmospheres. In the latter case, the light is relatively dispersed and distributed. These results show that the discharge modes can vary greatly when subjected to different atmospheres. By referring to the conventional dielectric barrier discharge at atmospheric pressure, it can be inferred that the microwaveinduced discharges are also related to the breakdown of gases. The different discharge modes should be mainly attributed to the gas properties, such as its ionization energy, or the local breakdown field intensity. The following description of the spectral acquisition and analysis (Sections III-B-III-E) helps in gaining an understanding of these phenomena.
B. Spectral analysis of Microwave-Induced Discharge in Argon
Argon is widely used in industrial and research applications due to its simple structure, which makes it particularly convenient for analyses. The first part of the study was therefore focused on the discharge effects in an argon atmosphere. The argon gas used in this study had a 99.999% purity.
The emission spectra when microwave irradiation was imposed on different materials under the Ar atmosphere were collected (Figs. 4 and 5 ) and the characteristic spectral lines interpreted. Fig. 4 shows the spectra evolution with time when iron strips are subjected to the microwave-argon environment. Fig. 5 shows the discharge spectrum when microwave irradiation is imposed on different materials under the same conditions. The typical emission spectra of different materials are shown in Fig. 5 . Obviously, the discharge phenomenon cannot be triggered when microwave radiation is exposed only on the argon gas without introducing any metals or semiconductors. No spectral line was detected in the sole presence of MW-Ar interaction. Although all the materials tested display the discharge phenomena, slight differences occur in the peak positions and luminous effect. The observation of microwave irradiation of metal or semiconductor materials shows most spectral lines are concentrated in the 650-966 nm emission wavelengths in the visible near infrared region with a few lines in the 200-650 nm ultraviolet and visible regions. The spectrum emission rules can be explained as follows.
According to the principle of optical emission spectrometry, the intensity of these emission lines I i j should satisfy the equation (1) where N 0 represents the ground-state atoms, g i and g 0 represent the statistical weight of the excited state and ground state, respectively, k is the Boltzmanns constant, h is the Planck constant, A i j is the transition probability between the two levels, and v i j is the emission line frequency. In this paper, the analysis of spectral lines was initially carried out considering the probability of the relevant element atomic transitions. The research was then continued based on material content and excitation, temperature, and information from research on the argon discharge spectra [21] - [23] . It has been possible to determine that most lines concentrated in the 650-966 nm region, with high relative intensity, are produced by atomic transitions of Ar. The corresponding energy level diagram is shown in Fig. 6 . It is concluded that the presence of the conductors or semiconductors enables the generation of argon excited states under the microwave effect, and the representative reactions can be expressed in terms of (2) and (3) Ar + e → Ar * + e H = 11.50 eV (2) Ar * + e → Ar * * + e → Ar * + hv.
A few spectral lines with low intensity, at 309.75, 656.28, 777.55, and 844.82 nm also appeared for the different dielectric materials. These cannot be attributed to Ar (I) atom or Ar (II) ion transitions, mainly because the excitation potential of these spectral lines reaches at least 15.48 eV, which would be very difficult to stimulate if they are exclusively due to energy exchange resulting from particle collision. These spectral lines are most likely [24] to be due to OH (A-X) at 308 nm, H (I) at 656.28 nm, O (I) (3s-3p) at 777.19 nm, and O (I) at 844.63 nm (3s-3p) arising from the ionization of the small amounts of water and oxygen impurities contained in the Ar gas. This explanation is reasonable because even a small amount of impurity in argon can lead to a Penning effect, which includes the interaction between the excited argon and the trace O 2 or H 2 O. In addition to the above common spectra lines, there are also some specific peaks in each individual spectrum. For example, the Fe-stimulated spectrum shows peaks at 432.15 and 438.27 nm, SiC at 246.41 and 251.52, 287.82 nm, the Zn-stimulated spectrum shows peaks at 468.46, 472.71, and 482.21 nm, and the Al-stimulated spectrum shows peaks at 394.05 and 395.03 nm. Comparison with the database of atomic emission spectra [25] , confirms that these lines correspond to the elements in each individual medium. Table I lists the wavelengths of the emission spectra under some specific transitions derived from the database.
The above analyses show that the characteristic peaks in the microwave-induced discharge spectra may be divided into two main categories: those belonging to the dielectric materials (SiC, Fe, Al, Zn) and those belonging to atomic argon. A few additional lines can also be attributed to impurities such as water and oxygen. These results show that the nature of the discharge phenomenon in argon atmosphere stimulated by different materials under microwave irradiation can be summarized as follows:
1) The conductors or semiconductors act as electrodes. When they are exposed to microwave irradiation, the inner free electrons accumulate at their tips or corners where high local electrical fields are formed. The high electric field strength endows the electrons with high energy although the Joule heat caused by the eddy current may also increase the local temperature and cause the electrons to become active. 2) To a certain extent, the highly active metals and semiconductors start to trigger electronic transitions, with some electrons moving from the ground state to the excited state. The unstable electrons may then fall back to their ground-state emitting photons that correspond to the spectral peaks detected from the dielectric materials.
3) The excited-state electrons may also collide with the surrounding argon atoms and the resulting energy transfer can stimulate argon atoms and generate argon plasma which gives rise to the characteristic argon spectral lines observed. The tips and corners of conductors or semiconductors act as electrodes in the process. 4) The intensities of the spectral lines of the metals and SiC are much lower than those of argon, which can be attributed to their high lattice energy in the solid phase. Much higher spectral line intensities are observed in the case of the Zn-stimulated spectra because Zn has a low melting point and can be partially gasified, triggering effects due to free Zn atoms.
C. Spectral Analysis of Microwave-Induced Discharge in He
Similar to argon, helium is a single atomic gas and does not easily participate in chemical reactions under atmospheric pressure. It could therefore be expected to display similar discharge characteristics. Helium has a low breakdown voltage, of about 24 V/mm, approximately one-eighth that of argon (180 V/mm) and a high metastable atomic energy, of 19.8 eV, which could also be prone to trigger the Penning effect [26] - [29] . Like argon, helium alone could not trigger discharge under microwave irradiation but the introduction of metals and SiC are shown to trigger intense discharges. The Al-stimulated discharges in helium (Fig. 7) , for example, show the discharge spectra at different times. The spectral lines are strong and can last up to 12 min.
The individually acquired spectra of discharge caused by Fe, Al, Zn, and SiC in a helium atmosphere are shown in Fig. 8 . The microwave-helium spectra cover a wide range, including the visible, near infrared, and ultraviolet regions. The principle of sensitivity priority was adopted when characterizing the spectra, and the following three conclusions, similar to the MW-Ar results, are drawn.
1) The peaks of He element are the most prominent, indicating the formation of helium plasma. 2) The Penning effect was observed because of the presence of OH, O, H, and other impurities. For example, the peaks of OH (A-X) at 308 nm, H at 656 nm, and O at 777 and 845 nm occur in all cases. 3) showing that the findings from spectral analyses of MW--He and MW-Ar are entirely consistent. The microwave discharge mechanism has been further confirmed in that the MW-He discharge phenomenon can be explained as the first excitation of metal and SiC atoms, and then the subsequent excitation of helium atoms under the stimulation of microwave fields.
D. Spectral Analysis of Microwave-Induced Discharge in N 2
The experiments conducted in a nitrogen atmosphere show that iron, aluminum, zinc, and silicon carbide stimulated spectra show very weak discharge phenomena as in Ar and He atmospheres. Fig. 9 shows the spectra acquired for SiC under microwave irradiation in N 2 . The intensity is very low and it is hard to identify any obvious peaks. The reason for this is the high breakdown strength of nitrogen (340 V/mm) compared to helium (24 V/mm) and argon (180 V/mm). Electron excitation and transfer do not take place easily in stable diatomic molecules. The obvious rise in the infrared region of MW-SiCstimulated spectra can, however, be attributed to temperature rises caused by microwave absorption.
Although the peak intensities are very low in the spectra of Fe, Al, and Zn in a nitrogen atmosphere, the characteristic peaks due to N 2 and corresponding metals can still be identified, as shown in Fig. 10 .
The generation of characteristic peaks of N can be explained by (4)-(6) and the information in Fig. 11 [30] - [35] 
The high-energy state nitrogen, N 2 (C) (11 eV), is mainly generated through electronic step-by-step excitation, and could be also created by the pooling reaction (5) between the metastable atoms N 2 (A). When the excited-state nitrogen molecules fall back to the lower states, spectral lines of N 2 (second positive systems) and N 2 (Gaydon's green systems) are generated. The occurrence of N 2 and metal peaks is consistent with the mechanism proposed in this paper for generation of microwave-induced discharges in the Ar and He cases. The peaks of OH, O, and H were not detected because the metastable nitrogen N 2 (A) (6.17 eV) has low energy, insufficient to trigger the Penning effect. The low intensity of the spectral lines in MW-N 2 do, however, confirm that the microwave discharge phenomena are comprehensive processes depending on both the dielectric media and the atmosphere.
E. Spectral Analysis of Microwave-Induced Discharge in Nitrogen and Oxygen
The spectra induced in different concentrations of oxygen plus nitrogen acquired with microwave interaction (Fig. 12) show that an increase in the oxygen concentration of the mixture can trigger more intense discharge phenomena. In all cases, the discharge spectra show two classes of characteristic lines: one belonging to the discharge medium and the other belonging to molecules and atoms present in the atmosphere. At the same time, because of its high activity, oxygen may react with nitrogen or with the material discharge medium, potentially producing different materials. As a consequence, the peaks of the continuous spectrum could easily overlap, making analysis of the results difficult.
Importantly, the peaks at 589.30, 766.52, and 769.88 nm have been observed for all the materials tested in a nitrogen atmosphere. Compared to the spectra of MW-Fe under He, Ar, and N 2 atmospheres, as shown in the lower part of Fig. 13 , the intensities of the three peaks in the presence of O 2 are several hundred times higher. Using the typical transition diagram of oxygen discharge [36] - [38] , it can be concluded that the three spectral lines are triggered by active oxygen species. Using the excitation of microwave-metal interaction, the O 2 can easily take up high-energy state forms and generate spectral peaks during the emission processes of O 2 (b→a) v = 0 (592-602 nm), and O 2 (b→X) at (762-770 nm) (0-1.6266 eV), which correspond to the emission lines. The energy of metastable oxygen O 2 (a)(1.62 eV), however, is low and insufficient for the Penning effect so no lines that could be generated by this mechanism are found.
The spectral analyses for O 2 +N 2 cases, once again confirm that the mechanism of microwave-induced discharge involves the excitation of both the metal or semiconductor media and the surrounding atmosphere.
The microwave-induced discharge phenomena in the presence of O 2 may have potential in some important applications because the excited active oxygen species, such as molecular oxygen ions (11-25 eV), the oxygen atoms (9.15-15.78 eV), and the excited-state molecular oxygen O 2 * (1-6 eV), all have very high energy levels that could be used to achieve important chemical oxidations. The ultraviolet emissions may also trigger some photocatalytic effects. These characteristics can be used to develop some novel technologies for instance destroying air pollutants such as VOCs by utilizing the luminous and plasma effects induced by microwave discharge.
IV. CONCLUSION
When conductor or semiconductor materials are exposed to microwave irradiation in different atmospheres, intense discharge phenomena are generated. Filamentary discharge is observed in an Ar atmosphere, whereas spark discharge is observed in the He, N 2 , and O 2 +N 2 atmospheres. The discharge spectra cover a wide spectral range including the ultraviolet, visible, and near infrared regions. Both the discharge performances and the specific details of the spectra are influenced by the stimulation media, the atmosphere, and the microwave field characteristics.
The microwave-induced discharge phenomena can be explained primarily in terms of electronic transitions between atoms in the metal or semiconductor used and the atmosphere under which the phenomena are generated. The spectra always consist of two parts: one corresponding to the metal or semiconductor irradiated and the other to high-energy excitation state atoms, molecules, and ions in the gaseous atmosphere. The microwave-induced discharge and the corresponding luminous and plasma effects generated are being considered for use in applications such as enhancing chemical or photocatalytic reactions and in environmental control to achieve the destruction of gaseous and other pollutants. Preliminary results on the use of the energy derived from microwave-induced phenomena in both tar cracking and the destruction of VOCs are encouraging.
